In this paper, we analyze the determinants of monthly variations in forest fire frequency and on the size of the area burnt for Italian regions between 2000 and 2011. We employ panel data techniques, which allow capturing the dynamics of fire danger due to changes in past climatic conditions, after accounting for regional fixed effects to control region-specific unobserved and time-invariant factors. Results highlight a significant heterogeneity of the effects of driving factors across the Italian peninsula and weather seasons. Climatic conditions also show lasting effects within the year. Using climate change projections for 2016-2035, we then obtain the projected forest fire frequency and total area burnt across the Italian peninsula for the same period. Climate change is expected to increase the number of forest fires across the whole peninsula, which is more evident for the central part of Italy. Even though most of annual increases in fire events relate to the summer period, intensifications in frequency during autumn become more evident in the southern Italy. We extend finally our analysis to investigate the contribution of socio-economic factors to fire regime and the role of education and the containment of fraudulent activity is also highlighted.
Introduction
Forestland and trees offer vital services such as commercial and recreational uses, water and climate regulation services, and carbon sequestration activity. However, several forest disturbances undermine these service provisions. Compared to other factors (e.g., pests, plant diseases, wind, and frost), fire often represents the most threatening disturbance for forestland and trees in the southern Europe and Mediterranean area (Pausas et al. (2008) for Mediterranean area; Miranda et al. (2008) for Southern Europe; Dimitrakopoulos et al. (2011) and Koutsias et al. (2013) for Greece; Costa et al. (2011) for Portugal). Italy is not an exception being affected by relevant fire risk where it lists as the fourth country for importance on fire events in the Mediterranean area, after Portugal, Spain, and France (San- (ddl Madia: 7/8/2015, n.124 ). This body was in charge of the recording of all fire events in the Italian peninsula; a task which is now taken over by a supranational institution (i.e., the Emergency Management Service of the European Forest Fire Information System). However, this supranational institution will only record large-scale fires (i.e., fires that results an area burnt over 30 ha), making the overall fire monitoring very hard. On the other hand, the causes of forest fires in Italy go beyond the contingency of this situation and are linked to the governance system and to the institutional arrangements in the management of forest resources, amongst other causes.
There are key factors that explain the fire regime (intended as the frequency and intensity -area burnt-of the wildfire prevailing in an area over certain periods of time) and risk such as the region-specific factors (e.g., Martinez et al. 2009; Westerling et al. 2006, among others) . For instance, institutional arrangements to manage forest resources may vary across different regions due to available resources to fight forest fires. Recent studies also highlight that the value of forest ecosystems vary across regions, which requires different territorial forest management programs (see e.g., Rodríguez y Silva et al. 2012) . On the other hand, some regions may have more of drier, mature, and dead materials, which is therefore more flammable compared to other regions (e.g., Blasi et al. 2005; Bernetti 2005 ).
In the same lines, different forest types may be more prone to fires and could be clustered more in certain regions making those regions more exposed to fire danger (see e.g., Fernandes et al. 2010 ). In short, there are certain regional characteristics that differ from one another, which may lead to higher exposure of some regions to forest fires than others. In this paper, we use panel-data estimation techniques to control for these region-specific factors in our analysis.
A second group of factors that are found to be important for forest fires is the socioeconomic conditions and human attitudes. For instance, due to increased human pressure on forests, most populated or active areas (such as the areas that have higher levels of tourism) are found to be more prone to forest fires (Catry et al. 2007; Martinez et al. 2009 ). Similarly, regions that have economic hardship (e.g., regions with high poverty or unemployment) are also associated with higher levels of forest fires (see e.g., Prestemon and Butry 2005; Torres Curth et al. 2012) , which may be due to lower resources available to monitor forests. On the other hand, agriculture activities and land management to renovate livestock pastures also play an important role in forest fire ignition risk (see e.g., Moreira et al. 2009 ). Over the last years, the relevance of socio-economic factors and human pressure has been identified by the literature (see e.g., Ganteaume et al. 2013 for a review of socio-economic factors that are found to be important for fire ignition risk), which will be also examined in this paper.
Finally, physical and weather elements are undeniably recognized as major determinants of the exposure to fire risk and spread of fire (Pausas 2004; Westerling et al. 2006; Pausas and Bradstock 2007; Pausas and Fernández-Muñoz 2012; Pausas and Paula 2012; Koutsias et al. 2013; Rego and Silva 2014; Salis et al. 2014) . Increase in temperature levels and decrease in rainfall leads to higher drought levels making forests more flammable [see e.g., Vasilakos et al. (2009) for rainfall's contribution, Littell et al. (2016) for relevance of drought for ignition risk] where Koutsias et al. (2012) highlight the interaction between fuel accumulation and weather patterns.
Understanding the effects of region-specific, socio-economic and weather elements on forest fire is essential to prepare for climate change impacts on future forest fire.
Researchers have been traditionally utilizing fire indicators, such as the Canadian fire weather index (FWI), 1 which considers the daily accumulated precipitation and instantaneous wind speed, humidity, and temperature (see e.g., Van Wagner and Pickett 1987; Bedia et al. 2013; Jolly et al. 2015; Bedia et al. 2015) , neglecting, however, the consideration of socio-economic factors. In this paper, rather than investigating fire indices based on fire-specific factors, we examine the contributions of weather factors at first, and socio-economic conditions in a later step, on the monthly and yearly variation in forest fire regime in Italy, respectively. After investigating historical data and fire relations, the analysis is extended to project the impact of future climate change on forest fire.
This paper contributes to the literature in several different ways. First, in addition to consider geographical clusters (i.e., spatial grouping), it extends the analysis to the overall Italian peninsula, while most of existing studies for Italy only focus on regional fire events.
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Secondly, previous studies normally do not account for time-invariant region specific factors and time-effects in their analysis, which could lead to omitted variable bias. Most are based on the observation of the simple historical trends and do not apply accurate statistical techniques to corroborate obtained results. Additionally, geographical-oriented approaches to forest fire analysis tend to consider fire realizations at some point in time (e.g., one specific year), neglecting fire temporal dynamics. This work, on the other hand, fully captures the dynamics of fire occurrence and the variations in weather conditions in time.
By using panel-data estimation techniques we are able to account for time-invariant regionspecific factors and time-effects, which are often omitted in the estimations. Time-invariant heterogeneity is represented by all those unobservable but relevant components characterizing a region, which are expected to be correlated with observed factors.
Examples of region-specific factors are land and forest management, forest and fuel types, cultural values, regional and organizational culture, and land use among many other factors that can affect forest fire dynamics. While this instance represents a persistent problem in cross-sectional analysis, using panel data estimation techniques allows us to control for the regional heterogeneity. Finally, while very few studies evaluated the influence of socioeconomic conditions on the occurrence of forest fires, we also extended our analysis in this direction.
1 FWI represents an estimation of the risk of wildfire based on the assumption that fire occurrence mainly depends on moisture content of litter and other fine fuels. Its computation requires considering meteorological parameters such as air temperature, relative humidity, wind speed, and precipitation. The paper is organized as follows. Section 2 briefly reviews the methodologies used to examine fire events and intensities and offers details on the proposed methodology.
Section 3 summarizes the fire, weather and socio-economic data. Relationships between monthly forest fire frequency (area burnt) and weather variables for different geographical clusters are presented in Section 4. Section 4 also provides an estimation of the impact of projected changes in temperature and precipitation on forest fire frequency and total area burnt for different geographical clusters in Italy during 2016-2035. Section 5 concludes discussing policy implications.
Brief review of methodologies and estimation method
Several methodologies have been used within the existing literature to explain the main factors of fire risk. The choice of methodology strictly depends on the objective of the study, which can either be that of predicting future fire incidences or explaining the variation of the dependent variable. and Wotton et al. (2003) for the use of Poisson regression). The application of binary regressions does not prevent the researcher from incurring into problems of bias and inconsistency of the estimates, if unobserved heterogeneity across regions/areas is not accounted in the analysis (Baltagi 2008) . The spatial heterogeneity might rise due to a lack of structural stability or homogeneity of unit observation across space. Supposedly, Italian regions are heterogeneous in terms of cultural differences (Naveh 1995) , land cover types (Bajocco and Ricotta 2008) , law enforcement mechanisms, and the power and participation of local organizations to public life and economy. When this is the case, the fixed or random effects models should be used in the presence of panel data (Kousky and Olmstead 2010; Reetz and Brummer 2011 On the same path, we propose a panel data approach to investigate the influence of weather and socio-economic conditions on fire occurrence and area burnt in Italian peninsula during the last decade, while accounting for the unobserved heterogeneity across regions.
Fixed effects estimations are performed by adding region and time dummies to the regressions (Prestemon et al. 2002; Preisler et al. 2004 ). Regional effects may capture different forest covers, land management, culture, and law enforcement across the regions.
On the other hand, year effects can capture a policy shift that influenced all of the regions at a given time.
Assuming N regions ( = 1,2, … , ) and T periods of time ( = 1,2, … , ), the standard representation of the fixed effect panel estimation method takes the following form:
where is the dependent variable (either the natural logarithm of the total number of fire events, or the natural logarithm of the total area burnt in hectares in a given region (i), in a given time (t). is the region dummy variable for regional fixed effects; is a year dummy variable which controls for time varying common shocks; vector of includes the set of explanatory variables for a given region (i), in a given time (t) which are the weather and socio-economic variables depending on the empirical exercise; and is the standard white noise error term.
With noticing is that if is correlated with any of the time-varying explanatory variable, regressing the dependent variable (i.e., forest fire events) on explanatory variables will lead to bias in the estimations. As a result, ordinary least squares (OLS) estimates would be biased coefficients and lead to invalid standard errors (Baltagi 2008) . Hence, in this paper, we use fixed effects methodology where we control for region-specific time-invariant factors and time effects, which allows us to obtain unbiased coefficients and robust standard errors.
Throughout the empirical analysis section, we use the estimation technique proposed in Equation (1), however, the set of explanatory variables used in the empirical analysis were different depending on their availability. In particular, using (1), we first investigate the relationships between monthly weather conditions (i.e., monthly precipitation (millimetre) and temperature (°C) levels) and monthly total forest fire events (area burnt) across the Italian (1) to assess the relation between fire regime and socioeconomic factors, organizing data in a yearly fashion for both dependent and independent variables given that most of time-variant socio-economic variables are only available on yearly basis.
Method for choosing climate change projections
Climate change projections for Italy are derived from European-scale projections resulting from the ENSEMBLES project (http://ensembles-eu.metoffice.com/), which uses regional climate models (RCMs) driven by global climate models (GCMs). The underlying socio-economic scenario, governing the future amount of greenhouse gas concentration in the atmosphere leading to the assumed values of precipitation and temperature, is the A1B of the IPCC Special Report on Emissions Scenarios (SRES) (Morita et al. 2001 projection, it is common use to consider the multi-model ensemble-mean anomalies as they will always outperform most of the ensemble members. (Esposito et al. 2015) . Therefore, they are captured independently on the period on which the climatic averages are calculated. Overall, this final step allowed us to project unit changes in precipitation and temperature levels in each month with the climate change projections for all Italian regions, which will be then used to obtain forest fire event and area burnt projections.
Data set and statistics of major variables
From the data collection on both dependent, socio-economic factors, and climatic variables, we worked to reach a balanced data set (i.e., a set that contains all elements observed in all time frame for all regions of Italy), including information about fire events/area burnt (Section 3.1), precipitation/temperature levels (Section 3.2), and socio- productivity and vegetation regeneration. Agricultural burning is a method commonly used by landowners and farmers to enhance soil fertilization, to prepare fields for harvest activity, and to dispose crop residues. However, despite this strategy traces back in time, Italians' expertise in prescribed burning may be considered as a fire hazard-reduction (rather than hazard-increase) strategy (Ascoli and Bovio 2013) . In addition, when the temperatures start increasing, fine vegetation or dead fuels lose moisture rapidly, forest becoming more prone to early season fires (March and April period). In the north and parts of the central-north, events take place both during summer and winter periods, and these areas are characterized by a continental climate of having no proper dry season. In addition, as alive and woody vegetation has slower moisture dynamics, fire susceptibility is reached only late in the summer season (i.e., events last until late summer).
<Figure 2 approximately here>
Weather conditions across time and space
To understand the relationship between climatic factors and forest fire regime, we 
Socio-economic Factors
There exist several socio-economic factors that affect forest fire ignition probability and spread (see e.g., Ganteaume et al. 2013 for a comprehensive list of socio-economic driving factors of forest fire across Europe). Amongst others, we have made an effort to collect data on those factors that are more likely to affect the fire conditions in Italy. For example, differences in livestock density could explain, in some regions, an increase in the risk of fire occurrence due to maintenance of pastures (Lloret et al. 2002; Martinez et al. 2009 ). Furthermore, burning shrubland is a widespread practice in rural areas across the Mediterranean region to renovate livestock pastures (see e.g., Moreira et al. 2009 ). To capture these effects across regions and time, we use the natural logarithm of the total livestock units per kilometre square in a given region.
Similarly, the existence of agricultural activities may also affect the likelihood of forest fires. For instance, Ricotta et al. (2012) find that decreased human impact associated with agriculture land abandonment leads to a statistically significant decline in fire ignition probability in Sardinia. To capture the effect of the presence of agricultural activity across the regions, we use the percentage of employment in agriculture as a proxy. In the same lines, most populated or active areas (e.g., closeness of forests to the roads and railways) are found to be more prone to forest fires because of the increased human pressure (Catry et al. 2007; Martinez et al. 2009 ). This effect is accounted for by using the natural logarithms of population density (i.e., total population in a region divided by the total area in kilometre squares) and railway density (i.e., kilometres of regional railways divided by the total regional area in kilometre squares).
Finally, socio-economic well-being of a region may play a role in human induced and intentional forest fires. Especially in the past, forests have been voluntarily set on fire to create firefighting jobs or to gain land for agriculture and pasture, which were retained more valuable than logging (Leone et al. 2002) . Indeed, low timber returns along with negligent forest management can result in higher fire risk (Gonzalez-Olabarria and Pukkala 2011). For instance, Prestemon and Butry (2005) found positive associations between poverty and 12 In this analysis, we do not control for the monthly wind speed since it has been noted that it does not provide any explanation to monthly variations in forest fires (see e.g., Lasslop et al. 2015 for a discussion on this).
unemployment rates with the arson ignition rates. However, de Torres Curth et al. (2012) found that the areas with fewer fires tend to be characterized by population with higher levels of education. To capture the effects of these socio-economic factors, we consider the variables of relative poverty (measured by the percentage of population in a given region that live under relative poverty line), education (measured by the percentage of the population aged between 25 and 64 with tertiary education attainment), and illegal activity (measured by the number of extortions per 100,000 inhabitants).
The complete list of the socio-economic factors considered is provided in Appendix Tables 10 where Table 3 
Weather effects on fire events and area burnt
In this subsection, we first investigate the relationship between monthly precipitation and temperature levels across time (i.e., between January 2000 and December 2011) and forest fire events or area burnt during the same period, after controlling for regional and time fixed effects. In this case, we do not account for the potentially different effects of weather conditions on forest fires and total area burnt in different seasons and consider whole set of panel data simultaneously.
Tables 4 and 5 offer the relationships between monthly weather factors (temperature and precipitation) and monthly forest fire events and total area burnt for the whole Italian peninsula, north, central-north, central-south and south of Italy, respectively. Findings confirm a clear regional heterogeneity across space and time (except for southern Italy).
Regional and time effects explain around 30% of the monthly variation in fire events in the north, central-north and central-south of Italy, as highlighted from the R-squares obtained when we use regional and time dummies only. Regional effects only explain 7% of the variation in forest fires in the south of Italy. To disentangle the additional effect of weather components (i.e., additional explanatory power), we introduce weather factors into the analysis after accounting for the regional and time fixed effects. Adding monthly weather data in time (t) and their lagged values, we observe that in all geographical clusters, with exception of the south, fire frequency (area burnt) in a given month (t) is negatively associated with precipitation levels occurring in that month (t) and in the two previous months (t − 1 and t − 2). In the south, the effects of precipitation lasts one month rather than two months. For example, for the Italian case (i.e., the results that are presented in the first column of Table 4 ), an increase in average precipitation level by 10 millimetres in time (t), (t − 1), and (t − 2) (i.e., precipitation levels in a given month and two previous months)
corresponds to a decrease in fire frequency by 8.9%, 7.8%, and 3.4%, respectively.
<Tables 4 and 5 approximately here>
On the other hand, warmer temperatures in month (t) imply significantly higher fire frequency (area burnt) in the whole peninsula. Temperature shows lasting effects in the south of Italy, where higher temperature in previous month (t − 1) increases fire frequency in month (t). An increase of one degree Celsius in month (t) and (t − 1) corresponds, respectively, to a 15% and 3% increase in fire frequency in south of Italy. Whereas, a similar increase in temperature in month (t) leads to 0.9%, 5.7%, 5.5% increases in fire frequency in north, central-north and central-south of Italy, respectively.
Overall, both precipitation and temperature have lasting effects on fire frequency and total area burnt, although the effect declines as the weather realization becomes more distant in time (i.e., the effects of previous months' weather conditions on fire events and area burnt become increasingly lower in time). Finally, looking at the additional explanatory power of weather conditions, a good portion of the monthly variations in fire events (area burnt) is explained by variations in weather variables (i.e., between 20% and 70% of the monthly variation in fire events and area burnt is explained by the weather factors).
14 The results presented in Tables 4 and 5 suggest that the effects of weather variables on fire regime differ across geographical clusters, and from those obtained for the whole Italian peninsula. This outcome, corroborated by a poolability test, suggests the use of different geographical clusters rather than analyzing the whole peninsula together. 15 In addition, whilst we treated the weather effects as similar across different months and seasons, it is reasonable to expect that their effects differ across months. For instance, in Table 4 , we found that the precipitation levels have lasting effects in time on forest fire events for all geographical clusters, however these lasting effects of precipitation are likely to be different across different months. Therefore, in the next subsections, we examine the relationships between weather factors and forest fire variables in a given month for different geographical clusters of Italy.
Disentangling the effects of monthly weather on fire frequency
In this subsection, we disentangle the effects of weather variables on forest fire events across the months for different geographical clusters of Italy where the findings are offered in four different panels in Table 6 . Panels A and B of Table 6 provide results for the north and central-north of Italy identifying the complexity of the fire cycles in these regions across different months. For almost all months, higher monthly precipitation levels decrease the number of fire events in the same month. Lasting effects of precipitation levels exist but do not show a definite path and furthermore the effect of precipitation declines in time (i.e., the effect of precipitation in previous months is lower). Temperature presents a different effect on the number of fire events. While in the northern Italy (except for February, May, and September), a rise in temperature levels leads to increases in fire events in respective months (see Panel A of Table 6 ). Whereas, in the central-north, changes in temperature explain the fire events between June and November. After considering the region effects, the additional explanatory power of weather variables is predominant during December and January (i.e., winter season), and in June and July (i.e., summer period) in the northern Italy. Whereas, the greater portion of the fire events between February and April, and between July and November are explained with the variation in precipitation and temperature levels in the central-north of Italy.
<Table 6 approximately here>
In terms of their relationships with fire events, a similar situation can be observed when we move to the central-south, compared to north and central-north of Italy, for both precipitation and temperature, although different paths emerge across the months (see Panel C of Table 6 ). Lasting effects of more humid climate occur as increases in precipitation levels in a given month, between May and October, not only decrease the number of fire events in the same month but also in the following ones. Similarly, increases in temperature between
April and September lead to higher number of fire events. Yet, the variation in temperature levels during the winter period (October-December and January-March) has no significant effect on fire events. We can also observe that except for few months, the additional explanatory power of weather variables is high, after accounting for region-specific fixed effects.
Compared to other regions, despite precipitation still explains the monthly variations in fire events, the effect in the south is relatively lower (see Panel D of Table 6 ). Variation in precipitation levels during the winter period (November, December, and January) has no direct or lasting effect. However, precipitation levels during the spring, summer and autumn still show significant effects. One aspect that differs from other geographical areas is that temperature levels in February and March explain the variation in fire events in these months at the 1% significance level. However, fire frequency in August seems to be affected by the precipitation levels in the same period and in the previous month, rather than by temperature, signalling a greater impact played by drought rather than by a warm climate.
Disentangling the effects of monthly weather on the area burnt
In this subsection, we conduct a similar empirical analysis to Section 4.2, however, we now we examine the weather factors' relationships with the total area burnt across different geo-graphical clusters where the findings are reported in four panels of Table 7 .
<Table 7 approximately here> More specifically, Panel A of Table 7 reports our findings for the northern Italy. We find that the regional fixed effects explain between 20% and 60% of the variation in the area burnt during the specific months in the case of northern Italy (i.e., see R-square values obtained with the fixed effects in Panel A of Table 7 ). After controlling for region specific effects, weather variables still explain a good portion of the variation in area burnt during a given month, except for few cases. Higher precipitation levels lead to lower land burnt in almost all months except for April, August, and October. During winter (October-December) precipitation increases have persistent declining effects on the area burnt, highlighting the importance of humid climate in mitigating the spread of fire events across larger areas.
Relatively warmer temperatures lead to increases in area burnt for almost the entire year. The persistency of the effects of temperature is limited compared to effects of precipitation on area burnt.
In the central-north of Italy, instead, temperature levels appear to be significant only for June and August, while the effect of warmer temperatures in June and September lasts until July and October (see Panel B of Table 7 ). On the other hand, precipitation levels are significant and negatively associated with the area burnt in a given month (with the only exception of January), emphasizing the relevance of soil moisture which minimizes the total area burnt during the fire events. Lasting effects of precipitation take place during the spring (February-April) and summer (June-August) periods. Higher precipitation in these periods reduces the portion of area burnt in consecutive months underlining the relevance of humid climate in mitigating the spread of fire events across larger areas. Weather variables in summer explain additional 20%, 43%, and 62% of the area burnt variation from June, July, and August, respectively. This is an important result since 67% of the total area was burnt in this geographical cluster between 2000 and 2011 precisely during this season.
Panel C of Table 7 offers the detailed findings for the central-south of Italy. For most of the winter period (November to February), the monthly precipitation explains the variation in area burnt in respective months. High temperature and low precipitation levels in consecutive months between July and October lead to higher area burnt in the same months.
Weather variables explain additional 39%, 42%, 42%, and 34% of the variation in July, August, September, and October, respectively. Like the central-north, 89% of the total area burnt between 2000 and 2011 occur in these months highlighting the importance of the weather factors. Finally, the lasting negative effects of precipitation on reducing the burnt area is an important factor for the spring period where the weather variables' additional explanatory power during the spring period (February-April) is 30%.
Variation in temperature levels across the months is relatively more important in the south of Italy than in any other geographical cluster where high temperature in a given month and/or previous month leads to more area burnt in all months with the exceptions of January, April, and November (see Panel D of Table 7 for detailed findings for the south of Italy).
Similarly, lower levels of precipitation extend the portion of land burnt in all months except for January and December. Therefore, we can suggest that drought (i.e., low precipitation and high temperature levels) plays an important role in explaining the variation in area burnt between May-July and September-October. This finding is particularly important since 96% of the area gets on fire between May and October in south Italy. Overall, we can summarize that the relatively high temperature and low precipitation, or a combination of the two (i.e., drought), explain between 18% and 41% of the variation in area burnt in all months but the winter period (November, December, and January) in the south of Italy after controlling for the region-specific factors.
Climate Change Implications
In this subsection, we use the first and second climate scenarios (see Tables 1 and 2) to present predicted number of fire events and area burnt during the winter (DJF), spring (MAM), summer (JJA), autumn (SON), and annually for different geographical clusters of
Italy by using the significant coefficients on weather variables from Tables 6 and 7, respectively. Projected forest fire events and area burnt for each geographical cluster are for 2016-2035 period relative to 2000-2005 period to be consistent with the climate scenarios. It should be noted that climate scenarios 1 and 2 can be considered as conservative as they average the projected levels of temperature and precipitation variation simulated by climate models (see Section 2.1). Tables 11 and 12 for the detailed fire event and area burnt projections for geographical clusters with climate scenarios 1 and 2, respectively).
<Table 8 approximately here>
Climate changes exert a pressure on fire regime in both climate scenarios from north to south suggesting an increase fire frequency and land burnt during the period between 2016
and 2035. The annual number of fire events in the north, central-north, central-south and south of Italy is projected to increase by ~ 11-12%, 16%, 25%, and 9-10.5%, respectively.
Clearly, the effects of climate change on fire events varies across geographical clusters where the effect of climate change would affect the central Italy the most compared to other regions.
On the other hand, the seasons in which forest fire event increments are different across different geographical clusters. Major increases in forest fires in the north of Italy is projected to be in the winter and summer periods. In the central-north, most of the annual increase is driven by fires occurring in the summer period. For the central-south of Italy, fire events are projected to increase by 30% and 20%, during summer and autumn, accounting for additional 300 and 50 fire occurrences, respectively. Finally, the highest annual percentage increase in fire events in southern Italy is expected to be during the autumn period (ranging between 19% and 27% depending on the scenario). Overall, even though there is a major increase in summer fire events for all clusters, projections also highlight a rise of autumn fire events compared to the past, especially in the central-south and south of Italy.
A clear distinction between results obtained about fire frequency and those relative to the variation of land burnt, as a function of climate change, is that the portion of land affected by fires is projected to expand in all geographical clusters. Climate change could favor fire danger and propagation and lead to the occurrence of more extreme fire events (i.e., fire events that result in larger areas being burnt), procuring higher damage to humans and ecosystems and requiring more costly suppression activities. 16 This could be the result of the effect of climate change on moisture dynamics and alteration of fire susceptibility in specific regions; effects that are captured by the panel data estimation methods employed. From north to south, across all geographical clusters, land areas burnt are projected to increase by 23-27%, 34%, 75%, and 26% per annum (see Table 8 for area burnt projections). As a result, around additional 2400, 1100, 9000, and 11,000 ha of forest area will be touched by fire in north, central-north, central-south, and south of Italy, respectively (see Appendix Tables 11   and 12 for the details). These annual values are mostly driven by fire dynamics taking place during summer. However, percentage increases in the area burnt under climate change are relatively higher during autumn in central-south and south of Italy, suggesting higher suppression challenges and damage effects on land for these two clusters in the future.
Finally, even though in north Italy the increase in the number of fire events in spring is limited, the area burnt during the same period is expected to raise by 1200-1300 ha in the two scenarios.
Yearly variations in the fire events and area burnt and the role of socio-economic factors
To test the relevance of socio-economic variables in explaining the fire events and area burnt, we move to a yearly-based analysis since the data on socio-economic factors are only available on yearly basis. The relevance of weather variables' effect on fire events and area burnt has been highlighted using monthly panel data estimations where they have been found to play a varying role in different seasons across different geographical clusters. In the following regressions, annual averages of precipitation and temperature have been included as control variables.
Panels A and B of Table 9 report the statistically significant socio-economic factors when the dependent variable is the natural logarithm of fire events and area burnt, respectively, even though the list of explanatory variables that were used in this analysis is provided in Appendix Beyond the importance of education levels we also find that in southern regions, illegal activities represent an additional driver after accounting for the regional effects and weather factors. A marginal (unit) increase in extortion activities per 100,000 inhabitant leads to increases in fire frequency and total area burnt by 4.6% and 7%, respectively. This finding is in accordance with the literature suggesting the importance of human induced and intentional forest fires (Leone et al. 2002; Bovio et al. 2017 ).
In sum, even though major drivers of seasonal fires are due to weather factors, annual variations in fire events and area burnt are also closely linked with some of the socioeconomic factors and improvements in education levels and fighting against illegal activities on human-induced fires could mitigate the ever-increasing pressure of climate change's impact on forest fires. 17 All the variables listed in the Appendix Table 10 are used in the regressions one at a time after controlling for the yearly variation in temperature and precipitation. However, most of the variables were not significant once weather variables are accounted for. Additionally some of the variables produce high multicollinearity (i.e., high VIF values) and hence they are dropped from the regressions (see e.g., Vadrevu et al. 2006; Martinez et al. 2009 for similar procedure). 18 For instance, when we do not include regional dummies in our regressions and utilize pooled ordinary least squares (OLS) estimations, we do not find any significant relationship between education and forest fires.
Concluding Remarks
We analyze the contributions of weather (i.e., temperature and precipitation) and socio-economic factors in explaining fire regime (i.e., number of event and area burnt) across four geographical clusters in Italy (north, central-north, central-south, and south) between 2000 and 2011. Panel data estimation techniques allowed us to obtain the effects of weather factors on forest fires after controlling for region-specific time-invariant factors and fire temporal dynamics.
Results highlight a clear regional heterogeneity across space and time where the regional fixed effects explain a good portion of the variation in forest fire events and area burnt. Each region has their own morphological, meteorological, socio-economical, and cultural characteristics. From area to area, high temperatures, water stress caused by low rainfall are responsible of the total fire scenario. Time and region effects included in the model through the panel estimation technique have proven to be relevant. While these effects are not identified in most studies, our results suggest that they should be controlled for by the future studies.
Furthermore, our study highlighted the fact that the effects of weather factors on fire regime show variation across seasons and geographical locations. In the north of Italy, weather conditions can explain fire regime in different months identifying its plurimodal distribution. In addition, variation in temperature and precipitation can show lasting effects in time. The same is true for central-north where effects of precipitation taking place around spring and summer periods also last in the following months. For central-south we observe a bi-modal distribution of fire data as the greatest explanatory power of weather factors is associated to the periods of February-April and July-October. For the south, three major fire periods can be disentangled during a year: February-March, May, and July-October.
Consecutive high temperature and low precipitation levels during autumn (i.e., high drought levels in autumn) increase fire events and area burnt in the same period in the southern Italy. Beyond weather parameters, socio-economic factors also contributes to the explanation of forest fire regimes. Higher levels of education lead to decreases in the number of fire events and total area burnt in all geographical clusters with the exception of southern
Italy. Whereas, a major contribution to fire regime in the southern Italy is due to the existence of criminal activity, exerting pressure on forest land. These two socio-economic factors are found to be important in explaining yearly variation in forest fires and area burnt after controlling for regional effects and weather variables.
The projected situation in fire regime calls for the development of initiatives to reduce risks of forest fires and their potential environmental and socio-economic impact.
On the one hand, a containment of the effects can be achieved through increasing educa-tion and awareness to foster protection of common goods. On the other hand, the solution may come from a revision of the present forest and fire management strategies, currently relying almost exclusively on extinction and emergency response, rather than monitoring and prevention, resulting in high costs and partial efficacy in extreme fire seasons. Rather than working at suppressing fires, it would be more efficient and effective to invest in fire prevention, implementing active forest management and active surveillance.
Land and fuel management could also help in fuel-oriented silviculture, facilitating less flammable species or using prescribed burning to mitigate fire intensity. Prevention at lower costs can involve the revitalization of the economy through recreational and cultural tourism, biomass use, timber production, and protection of forest food products. Contrasting forest abandonment and deterioration allows for a larger supply of forest products and reduces the vulnerability to fires.
The implementation of these strategies would require a process of governance reorganization for the whole sector. However, despite the forest land represents one of the major infrastructure for Italy, this sector has been neglected by politicians. This is also Notes: The mean temperature and precipitation projections for the JJA are used for May, September, and October months, while the DJF values are used for March, April, and November in Scenario 1. The mean temperature and precipitation projections of JJA and DJF are used both for the spring (MAM) and autumn (SON) periods in Scenario 2. Robust standard errors are reported in parentheses. ***, **, and * present the 1%, 5% and 10% significance level respectively. For each specification, column 1 uses the climatic factors in the analysis. Whereas, column 2 uses both the climatic and socio-economic factor simultaneously. Tables 6 and 7 for each geographic cluster for the fire events and area burnt, respectively. In this scenario, the projected mean temperature and precipitation levels for May, September and October (November, March and April) are considered to be the same as the respective mean projection for the summer (winter), respectively. Tables 6 and 7 for each geographic cluster for the fire events and area burnt, respectively. In this scenario, the projected mean temperature and precipitation levels for the spring (MON) and autumn (SON) are considered to be the average of projected mean temperature and precipitation levels for the winter (DJF) and summer (JJA) periods for each respective geographical cluster.
